The increased productivity of sows increases the risk of a more pronounced negative energy balance during lactation. One possibility to prevent this is to increase the lactation efficiency (LE) genetically and thereby increase milk output for a given feed intake and mobilization of body tissue. The benefits of selection for LE depend on its heritability and the relationships with other traits of interest. The objectives of this study were to estimate genetic parameters for LE, its underlying traits, and to predict the consequences of current selection strategies in dam lines. Data from 4 farms were available to estimate genetic parameters. Heritabilities were estimated by using a univariate repeatability model, and genetic correlations were estimated bivariately. Selection index theory was used to predict the genetic progress by 3 alternative breeding programs: 1) a breeding program that aimed at balanced progress in the total number of piglets born, piglet mortality, and percent prolonged interval from weaning to estrus; 2) extension of this breeding goal with LE; and 3) a breeding goal that included only one selection criterion, litter weight gain, to demonstrate the effect of indirect selection for milk production. The heritability for LE was low (0.12). Body fat mass (0.52) and BW
INTRODUCTION
Genetic and management changes during the last decades have increased the litter size of sows. Larger litters result in greater total suckling stimulation of the mammary glands and more suckled mammary glands (Auldist and King, 1995; Kim et al., 1999) . Therefore, milk production of sows has increased during the last decades (Revell et al., 1998a) . Little is known about 1 1067 (0.45) of sows at the beginning of lactation showed the greatest heritabilities. Protein mass at the beginning of lactation, protein loss, weight loss, and ad libitum feed intake during lactation showed moderate heritabilities (0.39, 0.21, 0.20, and 0.30, respectively) . Low to moderate heritabilities were found for litter weight at birth, within-litter SD in the birth weight of piglets, litter weight gain, fat loss, and restricted feed intake during lactation (0.19, 0.09, 0.18, 0.05, and 0.14, respectively) . Within-litter SD in the weaning weight of piglets showed no genetic variability. It was predicted that a breeding goal for dam lines with an emphasis on the total number of piglets born, piglet mortality, and percent prolonged interval from weaning to estrus would not dramatically change BW or body composition at the beginning of lactation, or mobilization of body tissue and feed intake during lactation. Inclusion of LE in the breeding goal will improve stayability, as defined by the first-litter survival of sows and LE itself, without negative consequences for other economically important traits. Nevertheless, it might be worthwhile to design a breeding goal in which LE increases and feed intake remains unchanged. genetic variation in milk production, because the trait is difficult to record in sows. In dairy cattle, genetic selection for milk yield alone results in increased feed intake, but also in a more pronounced negative energy balance and greater mobilization of body tissue during lactation. A large and long-lasting negative energy balance of cows generally results in reduced health and fertility (Veerkamp et al., 2001) , and thus reduced stayability. Genetic studies in pigs, related to a negative energy balance, have focused on the interval from weaning to estrus (Whittemore and Morgan, 1990; Clowes et al., 2003) . Selection against a prolonged interval is effective and often practiced (Ten Napel et al., 1995) . How the energy balance and stayability in sows are affected by modern breeding programs is unknown.
at Serials/Acq. Dept., Library on May 1, 2009. jas.fass.org Downloaded from R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol (unpublished data) described a quantitative energetic model of lactating sows, based on on-farm observations that allows for large-scale data collection. The trait lactation efficiency was introduced and defined as the energetic efficiency of sows during lactation. Body condition score is widely used in dairy cattle to assess the body composition and energy balance status of cows (Veerkamp et al., 2001 ). The energetic model for lactating sows quantifies the mobilization of body tissue. The usefulness of including lactation efficiency, or its underlying traits, in a breeding program depends on its heritability and its relationships with other traits of interest. Therefore, the objectives of this study were to estimate genetic parameters for lactation efficiency and its underlying traits, and to evaluate current selection strategies in dam lines.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from an existing database. The experimental farm of IPG is strictly operating in line with the regulations of the Dutch law on protection of animals.
Observations on lactating sows from 3 experiments on 4 farms were available. Traits included in calculating lactation efficiency are briefly described below. The full description of the quantitative energetic model is given by R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol, unpublished data. The energy metabolism of lactating sows is given schematically in Figure 1 .
Traits
Start weight (kg) is the BW of each sow shortly after parturition. It is estimated based on BW of the sow at transfer to the farrowing house (prepartum observation) and weight of her live and stillborn piglets at birth (postpartum observation). The assumption was made that the sow herself did not gain any BW between transfer to the farrowing house and parturition.
Body composition at the beginning of lactation of each sow [fat mass at start (kg) and protein mass at start (kg)] was estimated by using her start BW and backfat thickness. Backfat thickness was recorded ultrasonically together with BW at transfer to the farrowing house. At weaning, BW and backfat thickness of each sow were measured again. Mobilization during lactation [BW loss (kg) , fat loss (kg), and protein loss (kg)] was estimated by subtracting the weight of body tissue at weaning from the corresponding weight at the beginning of lactation.
Each sow was on a restricted diet during the first week after parturition according to an ascending scale (increased by a fixed amount each day). From wk 1 until weaning, sows were fed ad libitum [ad libitum feed intake (kg)] or restricted [restricted feed intake (kg)]. Both traits were defined as the total amount of feed consumed by each sow during lactation, including the first week.
Energy input and output were estimated per sow per day averaged over the lactation period. All energy units were expressed in megajoules of ME. Input was calculated as Input (MJ of ME/d) = ME in total feed intake during lactation + ME in mobilization of body fat of the sow + ME in mobilization of body protein of the sow − ME needed for maintenance of the sow.
Output during lactation was calculated as Output (MJ of ME/d) = ME in deposition of body fat of live piglets at weaning + ME in deposition of body protein of live piglets at weaning + ME in deposition of body fat of dead piglets + ME in deposition of body protein of dead piglets + ME needed for maintenance of weaned piglets + ME needed for maintenance of dead piglets.
Lactation efficiency was defined as an energetic efficiency of the sows, where lactation efficiency (%) = (output/input) × 100. The greater the lactation efficiency, the greater the amount of available energy (input) that was used for piglet growth and piglet maintenance (output).
Part of the data set contained individual BW and cross-fostering recordings of piglets. In these cases, deposition of fat and protein, and the maintenance requirement of piglets were calculated from individual BW at birth and at weaning rather than litter averages. From individual piglet BW, within-litter SD of birth weight and within-litter SD of weaning weight were calculated. Within-litter SD of birth weight was calculated from individual birth weights of live born and stillborn piglets before cross-fostering, and is of interest because litters with a greater within-litter SD were found to have a greater mortality (Roehe and Kalm, 2000) . Piglet BW variation within a litter at weaning is a source of concern in modern swine management systems, because high variation delays pig movement through consecutive phases of production. Litter weight gain was calculated by subtracting the total BW of all live born piglets after cross-fostering from the total weaning weight of all weaned piglets. Litter weight at birth is the total weight of all live born and stillborn piglets before cross-fostering.
As an estimate of stayability, the trait first-litter survival of sows was introduced. Stayability is defined as Figure 1 . Schematic flow chart of the energy metabolism of lactating sows [R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol, unpublished data] .
1 According to Everts and Dekker (1994) .
the probability that an animal will stay in production until a certain age, which is an estimate of how long it will stay in production (Brigham et al., 2006) . Tholen et al. (1996) studied the stayability of sows to parity 4. According to their study, the probability of a sow surviving in the herd from parity 1 to parity 2 is highly genetically correlated with the probability of the sow surviving in the herd to parity 4. The genetic correlation depends on the herd and varies from 0.75 to 0.99. Firstlitter survival of sows is defined as a binary trait. When a sow was bred after weaning her first litter, her first litter survival was 100%. Otherwise, her first litter survival was 0%. In our study, all gilts that were inseminated were included in this trait. Gilts that were inseminated but culled before birth of their first litter were assigned 0%.
In addition to the above-mentioned traits, 3 "traditional" traits were included in the analyses. Total number born was defined as number of live born piglets + number of stillborn piglets + number of mummified piglets. Litter mortality is the number of piglets that died during lactation as a percentage of litter size immediately after cross-fostering. Prolonged interval is 100% if a sow was inseminated at 7 d or later after weaning and 0% if a sow was inseminated at 6 d or less after weaning. In total, 19 traits were included in the analyses.
Data Sets
For all 3 experiments, all information on individual sows and their piglets was available to calculate lacta- tion efficiency. In addition, the pedigree of each sow was known and the 3 experiments partly overlapped in pedigree. The first experiment was described by Eissen et al. (2003) and was carried out from October 1996 until October 1998 to simulate how future high levels of litter size affect current (1997) lactating primiparous sows. This study determined whether nursing a large litter had negative effects on sow performance during lactation and postweaning. Ad libitum feed intake during lactation of each sow was recorded to evaluate whether a greater feed intake could prevent possible negative effects of large litters on sow performance, and whether selection for lactation feed intake should be recommended. This experiment was carried out on 3 farms, 1 of which was the experimental farm of IPG.
In the second data set, from the experimental farm of IPG, commercial TOPIGS crossbred sows (Vught, the Netherlands) and their offspring by different commercial sire lines were compared [R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol, unpublished data] . Since autumn 2003, BW and backfat measurement at entering and leaving the farrowing house have been implemented as a farm routine. Restricted feed intake during the stay in the farrowing house has been recorded since January 1, 2000. Individual piglet BW at birth and weaning have been recorded since September 2001, as has the recording of cross-fostering of individual piglets. Culling decisions on the experimental farm were similar to those made on commercial farms. This second data set included subsequent litters of the primiparous sows of the first data set.
The third data set was from the Sterksel experimental farm of the Animal Sciences Group of Wageningen UR. At the Sterksel farm, the effects of a low-protein and low-phosphorus gestation diet (by phase feeding) on reproductive performance, stayability, and mineral excretion were studied for 4 successive parities (van der Peet-Schwering et al., 2005) . The experiments were executed from October 2000 until February 2004. During lactation, sows were fed according to an ascending scale from parturition until d 6 after parturition, and were given free access to the lactation diets from d 6 after parturition onward.
In a previous study [R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol, unpublished data] , phenotypic correlations between lactation efficiency and its underlying traits, and phenotypic correlations between lactation efficiency and traditional reproductive traits were remarkably similar (results not shown) for 2 farms, even though 1 farm fed sows ad libitum during lactation and the other fed a restricted diet. Therefore, observations in the above-mentioned 3 experiments were treated as 1 data set.
Creep feed was offered (but feed intake was not recorded) to piglets before weaning during the second and third experiment and was not offered to piglets throughout the lactation during the first experiment. Lactation efficiency therefore did not include feed intake by piglets. When creep feed was provided to the piglets, intake was estimated at 200 to 300 g per piglet during a 4-wk lactation. On all 4 farms, a commercial lactation diet was fed to sows during lactation.
To complete the data set, information on all 4 farms regarding reproductive traits, from September 1, 1996, 
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Where = population mean; PARITY = the parity of the sow (parity 6 and greater were combined); HYS = herd-year-season = farm × month of farrowing, where HYS accounts for differences between experiments; LINE & = the line code of the sow; LINE ( = the line code of the father of the litter; DI = double insemination, whether (1) or not (0) the sow was bred more than once within the same cycle; REMAT = remating, whether (0) or not (1) the present litter originated from the first insemination after weaning (multiparous sows) or rearing (primiparous sows; apart from double insemination); LLE = length of lactation (d); NOWND = number of piglets weaned (n); HYS2 = farm × quarter of insemination (herd-year-season); AFI = age at first breeding (d).
onward, was added. The number of observations per trait varied considerably (Table 1) .
Estimation of Genetic Parameters
Genetic parameters were estimated by using REML analyses based on an animal model. A repeatability model was used for all traits except for the first-litter survival of sows. The mixed model can be written as y = Xb + Za + Wc + e, where y is the vector of observations; X, Z, and W are known incidence matrices; b is the solution vector of fixed effects; a is the vector of random additive genetic effects ∼ (0, Aσ 2 a ); c is the vector of random permanent nongenetic effects of each sow ∼ (0, I p σ 2 p ); and e is the vector of the residuals ∼ (0, I e σ 2 e ). I p and I e are identity matrices, and A is the additive genetic relationship matrix. The term Wc was included only in the repeatability models. Analyses were performed with ASREML software (Gilmour et al., 2002) .
The pedigree matrix contained 3 generations of parents. In total, 8,469 animals were included in the pedigree matrix. The 4,687 sows with performance records for total number born were descended from 492 sires and 1,222 dams. The 1,088 sows with performance records for lactation efficiency descended from 172 sires and 480 dams.
Genetic parameters were estimated in 2 ways. Univariate analyses were performed to estimate the heritability and repeatability of lactation efficiency, its underlying components, and some reproductive traits. Bivariate analyses were performed to estimate the genetic and phenotypic covariances between traits. To obtain the maximum accuracy of estimates, different statistical models were used for different traits. The fixed effects included in the vector b are given in models [a] through [g] (Table 2) . Only significant effects were included in the models. Effects for which heritabilities were estimated were excluded from the models in both univariate and bivariate analyses.
SelAction
To predict the consequences of a modern breeding program on lactation efficiency, its underlying components, and some reproductive traits, the simulation program SelAction was used (Rutten et al., 2002) . SelAction predicts the genetic progress in a breeding program, and thereby gives a better understanding of the biological mechanism of energy metabolism of lactating sows.
SelAction predicts genetic gain by using an accurate approximation of a stochastic simulation, with selection on BLUP EBV from an animal model. A population with discrete generations and a fixed number of sires and dams was simulated. In SelAction, animals are assumed to be selected on an index (I) that equals their expected value for the aggregate genotype. This corresponds to an index as used in practice: 
where EW is the economic weight. Genetic gain was simulated for 3 dam-line breeding goals:
1. A breeding goal with 3 traits: total number born, litter mortality, and percent prolonged interval from weaning to estrus. Economic values (Table  3) were chosen in such a way that, according to SelAction, 50% of the selection response was due to improvement of the total number born, 25% to litter mortality, and 25% to a prolonged interval from weaning to estrus. 2. A breeding goal with lactation efficiency, together with the traits from simulation 1, total number born, litter mortality, and percent prolonged interval from weaning to estrus. The economic values for lactation efficiency and total number born were assumed to be equal. 3. A breeding goal with litter weight gain. The latter simulation was used to demonstrate the effect of indirect selection for milk production.
To model the breeding program, the following assumptions were made:
• There was an active population of 5,000 sows, with an annual replacement of 40%; • 40 sires were used every year; • 10% of the litters produced were purebred litters for which only second-parity sows were used; • Each sow produced 2.35 litters per year;
• Per purebred litter, 3.5 female piglets and 2.1 male piglets were reared; • A 2-stage-selection was simulated:
⅙ At the end of the rearing period (at approximately puberty) BLUP-EBV selection for young boars and sows was performed; and ⅙ After the first litter, sows were selected to produce a purebred litter based on BLUP-EBV, including their own performance, plus the performance of full sibs, plus the performance of half sibs. No second selection step was included for boars; • Piglets that were not reared were excluded for reasons other than the breeding goal; • After the rearing period, 40% of the males and 85% of the females were available for selection; the remaining 60% of the males and 15% of the females were excluded from breeding for reasons other than the breeding goal; • 85% of the first-litter sows produced a second litter. The remaining 15% were excluded for reasons other than the breeding goal; and • The maximum number of offspring selected per dam was 1 male and 3.5 females.
These assumptions resulted in a "proportion of selected male parents" of 0.041 and a "proportion of selected female parents" of 0.395. The length of the generation interval was 15 mo.
The second stage of selection in sows was based on BLUP-EBV, including their own performance and the performance of full and half sibs. Simulation 1 implied observations on the total number born, litter mortality, and percent prolonged interval from weaning to estrus. Additionally, simulation 3 included observations on litter weight gain. Simulation 2 included observations on all traits. For SelAction, the underlying traits of lactation efficiency are not necessary. Because they are needed to estimate lactation efficiency and are thus available, they were assumed to be used in the simulation as well. An accurate estimation of lactation efficiency requires individual BW of piglets. Observations on traits other than underlying traits of lactation efficiency that could be calculated from the individual piglets' BW, such as within-litter SD for birth weight and litter weight at start, were assumed to be available as well.
Phenotypic variances and heritabilities needed in SelAction were obtained from the univariate analyses. Phenotypic and genetic correlations were obtained from bivariate analyses.
RESULTS
Unadjusted means and numbers of observations for all traits are presented in Table 1 . Ad libitum feed intake showed a lower average than restricted feed intake. The group of sows fed ad libitum during lactation contained a relatively large number of primiparous sows. Observations on restricted feed intake came from the experimental farm of IPG (data set 2). The realized feed intake on that farm was relatively high compared with other farms [R. Bergsma, E. Kanis, M. W. A. Verstegen, C. M. C. van der Peet-Schwering (Animal Sciences Group, Wageningen UR, Lelystad, the Netherlands), and E. F. Knol, unpublished data] .
Heritabilities
Estimates of heritabilities and repeatabilities are also given in Table 1 . Body weight and body composition traits at the beginning of lactation showed the greatest heritabilities. Apart from the direct genetic effect, there was a nongenetic permanent environmental effect for these traits, with repeatabilities from 0.54 to 0.59. Of these 3 traits, fat mass at the beginning of lactation showed the greatest heritability. Of the body tissue losses, fat loss showed a relatively low heritability of 0.05, whereas weight and protein losses showed a heritability of 0.20 and 0.21, respectively. Heritability for ad libitum feed intake was 0.30 and for restricted feed intake was 0.14. Repeatabilities for these intake traits were more similar, 0.34 and 0.23, respectively. The SE of the estimate for the heritability of ad libitum feed intake was relatively high (0.08) because of the low number of observations. Lactation efficiency showed a heritability of 0.12. No nongenetic permanent environmental effect was found for lactation efficiency, because heritability and repeatability both yielded 0.12. The heritability for first-litter survival of sows was 0.05. This is in line with findings by Tholen et al. (1996) . For 2 different herds, they found a heritability of 0.05 and 0.02, respectively, with a corresponding genetic variance of 60 and 34%, respectively. The genetic variance in our study was 60.5%, although definitions differed slightly. The heritabilities for litter weight at birth, litter weight gain, input, and output varied from 0.15 to 0.19, and the repeatabilities varied from 0.25 to 0.29. The within-litter SD of birth weight showed a heritability of 0.09 and a repeatability of 0.10. The repeatability for within-litter SD in weaning weight was similar: 0.11. However, no genetic variance was found for this trait. Heritabilities for the more traditional traits such as total number born, litter mortality, and percent prolonged interval were in line with the literature (Rothschild and Bidanel, 1998).
Genetic Correlations
Results of the bivariate analyses are shown in Table  4 . Within-litter SD in weaning weight showed no additive genetic variance and were therefore excluded from the bivariate analyses.
The genetic correlation between total number of born piglets and litter mortality was +0.39 (Table 4) . A positive genetic correlation between total number born and litter mortality has been reported frequently (Rothschild and Bidanel, 1998) . Most other genetic correlations with the total number born are rather small. Litter weight at birth, litter weight gain, and thus output increase genetically with greater litter sizes. The genetic correlation of litter weight gain and litter mortality was negative (−0.43) and thus favorable. Withinlitter SD in birth weight increased with increasing litter size, although not significantly. Our study, as well as the one by Knol (2001) , showed no significant genetic correlation of within-litter SD in birth weight with total number born.
Sows with a high genetic merit for ad libitum feed intake showed (genetically) lower weight, fat, and protein losses during lactation. The input was still greater compared with sows with a low genetic merit for ad libitum feed intake. A high genetic merit for ad libitum feed intake yielded (genetically) a greater litter weight gain and thus a greater output. There were some unexpected differences between ad libitum feed intake and restricted feed intake. In general, the genetic correlations were stronger with ad libitum feed intake than with restricted feed intake. The genetic correlations of feed intake with litter mortality and lactation efficiency were the exceptions. Some of the correlations were of different signs; however, in these cases such correlations were not significantly different from zero. The genetic correlation between ad libitum feed intake and restricted feed intake was high but not significantly different from zero. The high SE of this genetic correlation is the result of lacking common observations. Genetic correlations were mainly based on family information, only a few sows were fed ad libitum during their first lactation and fed restricted during subsequent lactations. Ad libitum feed intake and within-litter SD in birth weight also lacked common observations. Therefore, the estimated genetic correlation of +0.97 did not differ significantly from zero. High ad libitum feed intake was unfavorable for stayability, as defined by the first-litter survival of sows (r g = −0.60), as was a high restricted feed intake (r g = −0.92).
A high genetic merit for stayability seemed to be associated with a high genetic merit for gain (fat, protein, or both) because of the rather high genetic correlation of first-litter survival of sows with weight, fat mass, and protein mass at the beginning of lactation. The phenotypic correlations between these traits were rather small. A genetically greater protein mass and, as a result, a greater weight at the beginning of the lactation were genetically associated with a lower within-litter SD in birth weight. The (strong) negative genetic correlation between first-litter survival of sows and within-litter SD in birth weight probably goes along the pathway of development, because start weight was at Serials/Acq. Dept., Library on May 1, 2009. jas.fass.org Downloaded from genetically positively correlated with first-litter survival and strongly negatively correlated with withinlitter SD in birth weight. Surprisingly, the phenotypic correlation between first-litter survival of sows and within-litter SD in birth weight did not differ from zero. Within-litter SD in birth weight also showed strong positive genetic correlations with prolonged interval and fat loss during lactation. This suggests that a low within-litter SD in birth weight is a preferable characteristic, although we found no (phenotypic or genetic) correlation between within-litter SD in birth weight and litter mortality.
A (genetically) high fat mass at the beginning of lactation was associated with a reduced litter size and a lower litter weight at birth. When sows are fed according to a scheme during gestation and the number of fetuses is low, more energy will be available for deposition of fat at the end of gestation. This is a phenotypic relation, but this phenomenon may have affected the estimates of the genetic correlation. Losses during lactation (weight, fat, or protein) are genetically strongly associated, as are the different components of weight at the beginning of lactation. (Genetically) high weight and protein mass at the beginning of lactation and low input as a result of low restricted feed intake are favorably associated with lactation efficiency.
There are, in general, no significant phenotypic correlations between percent prolonged interval and any other trait. This was unexpected because positive correlations between fat loss and, in particular, protein loss and a prolonged interval have been reported frequently (Whittemore and Morgan, 1990; Clowes et al., 2003) .
Simulations
Predicted responses for the 3 breeding goals are given per generation in Table 5 . The length of the generation interval was 15 mo in each simulated breeding program.
The first breeding goal yielded balanced genetic progress: improvement of all 3 traits involved. Selection for the total number born, litter mortality, and percent prolonged interval yielded an increased first-litter survival of sows of 0.6% per generation as a correlated response. Litter weight gain (and thus output) increased, as did litter weight at birth and restricted feed intake. Ad libitum feed intake did not. Changes in body tissue losses during lactation were rather small (less than 3% of the genetic SD). Small changes in the underlying components caused input to increase. Output and input both increased by 0.4 MJ/d of lactation per generation, which means sows became (genetically) more efficient. Output and input increased with the same magnitude, and because the level of input was greater than the level of output, lactation efficiency also improved genetically. Body weight and fat mass at the beginning of lactation seemed to decrease slightly (5% of the genetic SD for start weight and 6% for fat mass at the beginning of lactation). Uniformity at birth hardly changed. The within-litter SD in birth weight increased by 1 g per generation, which was less than 4% of the genetic SD.
Inclusion of lactation efficiency in the breeding goal barely affected absolute improvement of the total number born, litter mortality, and percent prolonged interval. Additionally, lactation efficiency increased by 1% per generation instead of 0.2% when applying the balanced breeding goal. Efficiency increased because input decreased and output increased. Feed intake (restricted and ad libitum) decreased but mobilization of body tissue increased. Litter weight gain increased by 0.8 kg per generation. Sows became leaner at the beginning of lactation because weight increased and fat mass decreased. Changes in first-litter survival of sows, within SD in birth weight and litter weight at birth, were rather large (52, 23, and 42% of their genetic SD, respectively).
Selection for lactation efficiency implied data collection for all traits. As a consequence of extra observations, the accuracy of the selection index increased. For the balanced breeding goal with observations on the total number born, litter mortality, and percent prolonged interval, the accuracy of the index was 0.418 for females and 0.119 for males according to SelAction. When we included observations on all (18) traits, the accuracy increased to 0.602 for females and 0.181 for males (results not shown).
Selection for litter weight gain only yielded an increased percent prolonged interval from weaning to estrus, increased ad libitum feed intake, increased restricted feed intake, and decreased stayability. The reductions in start weight and fat mass were less severe compared with the genetic progress simulated with the balanced breeding goal. On the other hand, weight loss during lactation, but not fat loss, increased absolutely and relatively to the balanced breeding goal. Obviously, litter weight gain as well as output showed greater genetic progress while simulating a breeding goal with litter weight gain only. As a consequence of increased feed intake and mobilization of body tissue, input also increased.
The breeding goal with litter weight gain only yielded greater genetic progress for the total number born and litter mortality than did the balanced breeding goal. Selection for litter weight gain implied data collection for that trait. The genetic correlations between litter weight gain, on one hand, and total number born and litter mortality, on the other hand, were moderate (0.45 and 0.43, respectively). As a consequence of extra observations for genetically correlated traits, the accuracy of the BLUB-EBV for the total number born and litter mortality increased, compared with the breeding goal without observations on litter weight gain.
DISCUSSION

Heritabilities
Body weight and body composition, especially fat mass at the beginning of lactation, showed high herita- For BW loss and backfat loss during lactation, they found heritabilities of 0.20 and 0.10, respectively. Estimates of heritability for backfat thickness, backfat loss, and BW loss in the current study and in the study by Grandinson et al. (2005) were very similar. Estimated heritability of BW at the beginning of lactation was greater in our study (0.45) than in the study by Grandinson et al. (2005; 0.19) . Fat mass in our study was based on BW and ultrasonic backfat thickness, and therefore fat mass and ultrasonic backfat thickness are different, but related, expressions of fat deposition. Thus, an equal heritability might be expected. The high heritabilities of BW and fat mass at the beginning of lactation are unexpected because farm management aims to prevent variation in BW and body condition scores between sows at parturition. Nevertheless, sows apparently managed to express their own genetic potential. Preventing variation means that farmers expect a phenotypic optimum for BW and backfat thickness at the beginning of lactation. This is not unreasonable because, for example, body fat at the beginning of lactation and feed intake during lactation are negatively correlated (Revell et al., 1998) . Therefore, breeding values for BW and fat mass at the beginning of lactation could be a useful tool to determine the optimum feeding scheme during gestation for individual sows.
The heritability of litter weight at birth was high in our experiments (0.19) compared with that of Roehe (1999) , who reported a heritability of 0.08 (±0.03) without adjustment for litter size at birth. However, in another model in which birth weight was regarded as a trait of an individual (live born) pig, which was influenced by a direct genetic effect and a maternal genetic effect, the maternal component was 0.26 (±0.04). The maternal heritability of individual birth weight may be expected to be equal to the heritability of litter weight at birth (Roehe, 1999) . Rothschild and Bidanel (1998) reported a mean heritability from the literature of 0.29 for litter weight at birth. In their review, they reported a heritability of 0.17 for litter weight at 21 d of age. Damgaard et al. (2003) found a heritability of 0.19 for mean BW at 3 wk of age. The trait litter weight at 21 d or mean BW at 3 wk of age was influenced by birth weight of the piglets. No literature was found for heritability of litter weight gain to compare with our estimate (0.18). If litter weight gain is a reflection of milk yield (Revell et al., 1998a) , its heritability can be compared with heritability estimates for milk yield in dairy cattle. Veerkamp (1998) reviewed research in this area. The average estimate was 0.32, and estimates varied from 0.16 to 0.50.
Litter weight gain and output were genetically the same traits (r g = +0.99). This was expected because both traits were derived from BW of piglets at birth and at weaning within a litter.
Knol (2001) reported a heritability of 0.07 ± 0.01 for the within-litter SD in birth weight. Heritability in our experiment was somewhat greater. The within-litter SD of weaning weight showed no additive genetic variance in our study. Damgaard et al. (2003) reported a heritability of 0.06 ± 0.03 for the within-litter SD of BW at 3 wk of age. They reported a heritability of 0.08 ± 0.03 for the within-litter SD in birth weight of live born piglets, and a genetic correlation of 0.71 ± 0.21 between within-litter SD at birth and at weaning. Contrary to our experiments, cross-fostering was not practiced by Damgaard et al. (2003) . One of the reasons for cross-fostering is to reduce the within-litter SD in BW. From the results of our study and those of Damgaard et al. (2003) , we can conclude that the within-litter SD in weaning weight showed no additive genetic variance. In situations in which no cross-fostering was practiced, within-litter SD in weaning weight was an expression of within-litter SD in birth weight. The latter trait showed a heritability of 0.09.
No literature was found to compare with our estimate of heritability for lactation efficiency. The trait in finishing pigs that comes nearest to the lactation efficiency of sows is residual feed intake. The reported heritabilities have varied from 0.10 to 0.45 (de Haer, 1992; Johnson et al., 1999; Nguyen et al., 2005) . Heritability of lactation efficiency (0.12) was at the lower bound of these estimates. Lactation efficiency was considered as a trait of the sow but is also influenced by the feed conversion capacity of the individual piglets, which might have resulted in a lower estimate of the heritability. The heritability was low but significantly larger than zero, suggesting that genetic improvement of lactation efficiency by selection can be successful.
Genetic Correlations
Genetic correlations among the total number born, litter mortality, and litter weight at birth from our study were in line with those reported by Rothschild and Bidanel (1998) . Our data set appeared to be a representative sample, which was also supported by our findings on heritabilities. Eissen et al. (2003) suggested increasing the feed intake capacity of sows to facilitate sows to wean larger litters. For most characteristics, a greater genetic merit for feed intake is favorable. Increased feed intake during lactation is associated with decreased BW, fat, and protein losses during lactation and with increased litter weight gain. Feed intake (ad libitum and restricted), in contrast, seems not to affect the percent prolonged interval from weaning to estrus, which was unexpected. There was only a small (but significant) negative phenotypic correlation between restricted feed intake and percent prolonged interval. High ad libitum feed intake was unfavorable for first-litter survival (r g = −0.60), and so was high restricted feed intake (r g = −0.92). Our genetic correlations had a rather large SE (0.26 and 0.33, respectively); however, the statistical chances that they were at least moderately negative were large. Unfortunately, we lack a biological interpretation of this negative correlation. A possible explanation for this phenomenon found in the literature was provided by Tolkamp and Ketelaars (1992) : increased feed intake will lead to increased oxygen intake. Consumption of oxygen has damaging effects on living organisms, because it accumulates in the course of life and results in a loss of vitality, aging, and finally death. Our phenotypic correlation between feed intake and first-litter survival, on the other hand, was positive (ad libitum feed intake), which was supported by negative phenotypic correlations between BW loss, fat loss, and protein loss during lactation and first-litter survival. Our phenotypic relations are in line with Serenius et al. (2006) , who stated that sows with lower feed intake and greater backfat loss during lactation had a shorter productive lifetime. Tholen et al. (1996) and López-Serrano et al. (2000) studied the genetic correlation between stayability of sows from the first to the second parity and finishing traits (daily gain and backfat thickness). These studies showed an average genetic correlation between daily gain and stayability of −0.2, and a genetic correlation of +0.2 between backfat thickness and stayability. Cassady et al. (2004) found that offspring of a maternal line superior in sow longevity grew slower and had poorer carcass composition than offspring from 5 other maternal lines studied. Clutter and Brascamp (1998) showed that the genetic correlation between daily gain and feed intake was stronger (r g = 0.65) than that between backfat thickness and feed intake (r g = 0.37), which makes it plausible that there is a small negative genetic correlation between stayability of sows and feed intake of finishers. In summary, the association between feed intake and backfat loss during lactation with sow stayability needs further research.
From the genetic correlations, one could arrive at the conclusion that the genetically heavier sows are the most promising. (Genetically) high ad libitum feed intake will yield easy-to-manage sows (less mobilization of body tissue, greater litter weight gain) but has some major disadvantages in lower stayability and lower lactation efficiency. Our study suggests that it is not necessary to increase the feed intake capacity of sows in the short term, because ad libitum feed intake is genetically uncorrelated with traits in a modern breeding goal for dam lines. Lactation efficiency will benefit from a decreased feed intake (capacity).
Simulations
Simulations were performed 1) to evaluate current selection strategies in dam lines, 2) to evaluate the usefulness of lactation efficiency in a breeding goal, and 3) to test the robustness of our results. Performing these simulations gives a better understanding of the biological mechanism of energy metabolism of lactating sows.
Modern Breeding Goal. We simulated a breeding program that yields a balanced genetic progress: improvement of 3 economically important traits. As a consequence, the number of piglets weaned per sow per year will increase. Selection on an index with the total number born, litter mortality, and percent prolonged interval yielded increased stayability as measured by a first-litter survival of sows of 0.6% per generation as a correlated response. Whether this is a biological or managerial phenomenon is unclear. Perhaps sows with a high index, and thus high productivity, were less likely to be culled, which might explain the genetic correlation estimates.
A breeding goal for dam lines with emphasis on the total number born, litter mortality, and percent prolonged interval from weaning to estrus will not dramatically change BW and composition at the beginning of lactation, mobilization of body tissue, and feed intake during lactation. On the other hand, it demonstrates the risks of a modern breeding goal: increased mobilization of body tissue, because feed intake capacity does not keep pace with the increased litter weight gain. Genetic improvement of the total number born, litter mortality, and percent prolonged interval from weaning to estrus is not a risk for stayability of sows, because the correlated response on stayability was positive.
Given the phenotypic results from Table 1 , litter mortality decreased from 11.7 to 11.5% after one generation of selection when applying the balanced breeding goal. The total number born increased from 12.56 to 12.75. With an (assumed) farrowing survival of 93%, the number of live born piglets increased from 11.68 to 11.86 piglets per litter. Live born piglets minus mortality yielded 10.31 piglets weaned before and 10.45 piglets weaned after one generation of selection. Lower litter mortality could not prevent the fact that more piglets died during lactation (11.68 − 10.31 = 1.37 vs. 11.86 − 10.45 = 1.41). Litter weight at birth increased in such a way that average birth weight also tended to increase. The average birth weight of the base population was 1.369 kg (17.2 kg/12.56 piglets). After one generation of selection, the average individual birth weight became 1.373 kg (17.5/12.75). These are rather small increases; nevertheless, most of the research done in this area has indicated that the average birth weight decreases as a consequence of selection for the total number of piglets born (Kerr and Cameron, 1996; Knol, 2001) . Litter weight gain increased, and number of weaned piglets increased as well. However, as a result of selection the average weaning weight decreased by 20 g/weaned piglet per generation [(62.3 + 17. 2)/10.31 = 7.71 kg vs. (62.9 + 17.5)/10.45 = 7.69 kg). A decrease of 20 g per generation is rather small (less than 0.3% of the mean).
As a consequence of selection for reproductive traits (the balanced breeding goal), the fat mass as well as the protein mass of sows decreased, which is favorable for the available energy for production (input) because less energy is needed for maintenance. The correlated response for input is indeed positive. Litter weight gain (and thus output) increased, as did litter weight at birth. When output increases and feed intake does not, the mobilization of body tissue during lactation should increase. Output increased by 0.4 MJ/d per generation.
There was a difference in genetic progress between ad libitum feed intake (−0.1 kg/lactation per generation) and restricted feed intake (+0.8 kg/lactation per generation). Nevertheless, mobilization of body tissue increased slightly. Perhaps the emphasis on the interval from weaning to estrus in the breeding goal captured the possible negative consequences of increased mobilization of body tissue, associated with the interval from weaning to estrus. Ad libitum feed intake was genetically uncorrelated with traits in a modern breeding goal for dam lines.
Breeding Goal with Lactation Efficiency Included.
Inclusion of lactation efficiency as a selection criterion in a breeding program, with our arbitrary economic weight, was particularly beneficial for the stayability of sows and (of course) for lactation efficiency itself. Both traits are economically relevant. On the other hand, the negative energy balance during lactation became more severe because mobilization of body tissue increased as a consequence of decreased feed intake (ad libitum and restricted).
Reduced appetite as a consequence of selection on feed efficiency has frequently been reported in finishing pigs (Kanis, 1990; Kerr and Cameron, 1996) . Nguyen et al. (2005) , on the other hand, reported a negative genetic correlation between residual feed intake and feed intake during a performance test in 2 selection lines; 1 line was selected for high growth rate and 1 was selected for low growth rate. Two studies that have selected directly on feed efficiency in finishing pigs (Jungst et al., 1981; Webb and King, 1983) have reported insignificant responses to several generations of selection on feed intake. Nevertheless, feed intake tended to decrease. Based on these studies, a decreased feed intake might be expected as a consequence of selection for feed efficiency in lactating sows as well.
Despite these factors, inclusion of lactation efficiency as a selection criterion in a breeding program looks quite promising, with no negative consequences for the traditional traits, reduced costs of feed during lactation, and improved stayability of sows. The costs of the breeding program itself would increase, however, because a very intensive registration protocol is needed.
Breeding Goal with Litter Weight Gain. Genetic selection for milk yield in dairy cattle increased feed intake but also resulted in a larger negative energy balance and more mobilization of body tissue during lactation. The magnitude and duration of the negative energy balance are generally related to reduced health and fertility (Veerkamp et al., 2001) , and thus probably also to reduced stayability. The simulated selection for litter weight gain only demonstrated the same phenomena in sows. Thus, selection for litter weight gain only yielded increased mobilization of body tissue with decreased stayability. Both other simulations (balanced and balanced with lactation efficiency included) yielded increased mobilization of body tissue with increased stayability. This seems contradictory. Apparently, feed intake plays a key role. In the latter simulations, espe-cially the simulation with lactation efficiency included, feed intake decreased. Genetic selection for litter weight gain only yielded an increased feed intake (ad libitum and restricted).
Future Breeding Goal. All 3 simulations gave the impression of a coherent set of genetic parameters that can be used as a starting point in the development of a breeding program. The simulation of a balanced breeding goal with or without lactation efficiency demonstrated no risk for the sow in terms of reduced health and fertility. Genetic parameters (and genetic correlations among them) within lines under selection are not constant, but can change in time (Falconer and Mackay, 1996) . Conclusions now are not necessarily valid after a number of generations of selection. Although not confirmed in our study, it is expected that increased mobilization of body tissue will eventually cause fertility problems in sows. A lower feed intake capacity will yield increased mobilization of body tissue. A greater feed intake capacity, on the other hand, is a risk for the stayability of the sow. These conclusions plead for keeping the feed intake capacity during lactation more or less constant.
An alternative strategy for genetic improvement of lactation efficiency is to increase the numerator of lactation efficiency (output), rather than reduce the denominator (input). If we succeeded in improving lactation efficiency at an unchanged level of feed intake, it would prevent excessive mobilization of body tissue and would increase the milk production of sows. Increased milk production facilitates sows weaning larger litters. Selection for feed intake in dam lines can serve as an insurance policy for future improvement of sow productivity.
Implications
The current study yielded a coherent set of genetic parameters that can be used as a starting point for development of a breeding program. A breeding goal for dam lines with emphasis on the total number born, litter mortality, and percent prolonged interval from weaning to estrus will not dramatically change BW and body composition at the beginning of lactation, or mobilization of body tissue and feed intake during lactation. The present levels of performance, expressed as the number of piglets weaned per sow per year, are not a risk for the stayability of sows.
Despite the low heritability, inclusion of lactation efficiency looks quite promising, especially when combined with selection for unchanged feed intake. Such a breeding goal would facilitate future improvement of sow productivity without negative consequences for the sow.
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